Sorghum (Sorghum bicolor) extract is traditionally used as red biocolorant in West Africa to colour foods, among which wagashi, a soft cheese. This biocolorant is a source of the phytoalexin apigeninidin and phenolic acids, and users claim that it has preservative effects next to its colouring properties. If such a claim can be scientifically substantiated, it adds a valuable functional property to this natural red colorant, thereby increasing its potential applications in the food industry. Hence, the present study evaluated the antimicrobial properties of dye sorghum extracts using challenge tests in broth and wagashi as a model of a popular food application. The alkaline extract and hot aqueous extract were used for dyeing wagashi by 87.7% and 12.3% of the traders, respectively. The dyeing procedure is perceived as a preservation strategy, and is also a means to maximise the revenues. However, results demonstrated that the application of sorghum biocolorant on wagashi had no inhibitory effect on the growth of fungi (Penicillium chrysogenum, Cladosporium macrocarpum) and Escherichia coli O157:H7. Furthermore, sorghum biocolorant in broth had no effect on growth of Listeria monocytogenes and Escherichia coli O157:H7. Consequently, the commonly used extracts for colouring soft West-African cheese did not show a preservative effect. In addition, dyeing did not affect the physico-chemical properties of wagashi. Still, the red colour hampered visual detection of microbial growth, thus clarifying the preservative effect reported by users.
Introduction
Nowadays consumers prefer natural food colorants because of potential adverse effects of artificial colorants, like hyperactivity in children [1] [2] [3] . However, the use of natural colorants is more challenging since they are usually less stable and more sensitive to processing conditions such as low pH, high temperature and the characteristics of the food matrix in which they are applied [4] . This is especially an issue for industrial applications because of the requirement to have a guaranteed shelf life during which the colour does not change in intensity or shade [5] . a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Dye sorghum is a variety of sorghum (Sorghum bicolor) with characteristic dark red leaf sheaths, which is usually grown on the borders of crop fields in West Africa. These leaf sheaths are highly appreciated to extract a colouring agent as its application confers a stable bright red colour to foods [6, 7] . Extracts from dye sorghum leaf sheaths contain significant amounts of 3-deoxyanthocyanidins, namely apigeninidin and luteolinidin, as well as phenolic acids, i.e. 4-hydroxybenzoic acid and p-coumaric acid [8] . Apigeninidin is a phenolic phytoalexin that plays a role in the defence mechanism of plants against pathogens and reportedly has preventive and antiproliferative properties against cancer [9] [10] [11] . Phenolic acids (like 4-hydroxybenzoic acid and p-coumaric acid) are common weak acids used as preservative in the food industry [12, 13] . Thus, the natural extract from dye sorghum leaf sheaths holds promise for wider food and pharmaceutical applications [11, [14] [15] [16] .
Traditionally, dye sorghum extract has various applications in the West African region [8] . It is used to colour soft cheese, locally known as wagashi, and porridges, which are a major staple food for its consumers. Wagashi is a traditional unripened soft cheese produced in Benin and Nigeria from cow's milk [17] . Basically, the preparation of wagashi involves separation of the curd from the whey by the proteolytic activity of a watery extract of cysteine peptidases (i.e. procerain, procerain B, CpCP-1, CpCP-2 and CpCP-3) from Calotropis procera [18] [19] [20] . C. procera is the plant commonly used to provide the coagulant for making this type of soft cheese [21, 22] . The curd of the cheese contains all the fat, and three quarters of the protein from the whole milk [23] .
Wagashi has a short shelf-life of about three days in the Sudanian and Sudano-Guinean climatic zones, where it is mostly produced in Benin [24, 25] . Fungi (e.g. Penicillium and Cladosporium genera) and pathogens (e.g. Escherichia coli O157) contribute to spoilage and give rise to safety issues related to wagashi consumption [26] . Soaking in whey or dyeing with sorghum colorant are some endogenous practices used, presumably also to increase shelf life [21, 23] . The inhibitory effect of apigeninidin on fungi and bacteria [27, 28] suggests its potential as a food antimicrobial ingredient and as such could underpin the perception of users of its preservative effect. Nevertheless, data to substantiate the contribution of sorghum biocolorant to the presentation of African soft cheese are lacking. This study first evaluated the antimicrobial properties of the sorghum biocolorant in the laboratory, after which the current practices with respect to the production of wagashi in Benin were assessed.
Materials and methods

Extraction of sorghum biocolorant
Twenty five gram of dye sorghum leaf sheaths was weighed and washed with 0.5 L of demi water. Two litre of demi water was transferred into a bowl and heated to 90˚C. The washed leaf sheaths were then added to the hot water and extracted for 10 min. Next, the mixture was allowed to cool, after which the watery extract was obtained by centrifugation at 5000×g during 15 min using a Heraeus instrument (Thermo Fisher Scientific, UK). The supernatant was filter-sterilised using a 0.2 μm AcroVac Filter Unit (VWR, Netherlands) to obtain a sterile cool watery extract of sorghum biocolorant.
Determination of the anthocyanin composition
The apigeninidin, 4-hydroxybenzoic acid and p-coumaric acid contents of the sorghum biocolorant solutions were measured with an Ultimate 3000 RS High Performance Liquid Chromatography (HPLC) system equipped with a Diode Array Detector DAD-3000 RS (Thermo Scientific Dionex) and a quaternary pump LPG-3000 RS (Thermo Scientific Dionex). The anthocyanins were separated with a Polaris C18-A column (150×4.6 mm, Varian) at a flow rate of 1 mL/min. The mobile phase consisted of formic acid (10%) in milli-Q water (A) and methanol (100%) (B). The total running time was 35 min and the elution gradient of B was planned as follows: 0 to 20 min, from 5% to 60% B; 20 to 25 min, from 60% to 100% B; 25 to 30 min with 100% B; 30 to 31 min from 100% to 5% B; 31 to 35 min with 5% B. The UV-spectra were recorded at 190-610 nm. The apigeninidin, 4-hydroxybenzoic acid and p-coumaric acid were measured at 480, 260 and 280 nm, respectively. Compounds were identified using the UV-spectra and the retention time of their corresponding standards. The following standards were used: apigeninidin (Extrasynthese, France), 4-hydroxybenzoic acid (Sigma Aldrich, Netherlands) and p-coumaric acid (Sigma Aldrich, Netherlands).
Wagashi making in the laboratory
Wagashi was made using a thermomixer (Vorwerk, Germany) in accordance to the common cheese making practices in Benin (Fig 1) . Two litres of fresh full milk were transferred into the bowl of the thermomixer and heated at 60˚C for 30 min. Meanwhile, 35 g of Calotropis procera leaves, which were naturally grown in Benin and kept frozen at -20˚C until needed, was crushed using a mortar. A volume of 50 mL of fresh milk was added to the crushed leaves to extract the coagulating cysteine peptidases. This extract was then filtered with a sieve (0.355 mm) to remove the C. procera residues, and added to the warm milk and stirred at 40 rpm. Next the temperature was raised to 80˚C. When the clotting started after 20 to 25 min, the temperature was increased further to 90˚C for 3 min to facilitate the expulsion of the whey. Next the curd was poured in sterilised stainless steel rings with a 44 mm inner-diameter and placed on a sterilised flame-tamer. The curd was left for one hour to allow the whey to drain. Finally the rings were removed, giving a cylindrical wagashi shape with a diameter of 44 mm and a height of 13 mm.
Application of sorghum biocolorant on wagashi
The wagashi was dyed by soaking three cheese samples for 15 min either in sterile cool watery extract or in sterile hot watery extract of 60˚C, obtained by warming sterile cool watery extract using a microwave (Panasonic 1670). Control samples were prepared by soaking cheese samples in demi water (negative control) or in a 0.1% solution of benzoic acid (positive control), based on the recommendation of the U.S Food and Drug Administration (FDA) to use benzoic acid as a food preservative at a maximum concentration of 0.1% [29] . The experiments for wagashi making and biocolorant extraction were performed in duplicate on different days. The S1 Fig 
Extraction of sorghum biocolorant for the challenge tests in broth
For the microbiological challenge tests in broth, concentrated extracts were used. These were prepared by adding 48 g of powder of dye sorghum leaf sheaths to either 0.5 L of demi water or 0.5 L of aqueous solution of kanwu, an alkaline rock salt that is often used in West Africa for food preparation, at 1.5 mg/mL. The extraction was performed at room temperature during 30 min under magnetic agitation. The watery extract of sorghum dye was collected by filtration using Whatman quantitative filter paper, ashless, Grade 42 (2.5μm) and was then filtersterilized using a 0.2 μm AcroVac Filter Unit (VWR, Netherlands). The resulting sterile watery extracts were mixed in equal volumes with two times concentrated sterile Brain Heart Infusion (BHI) (Oxoid LTD, England) broth to obtain dyed BHI (50%). The control was prepared by mixing, again in equal volumes, two times concentrated sterile BHI broth and sterile demiwater. 
Inoculum preparation
All the microbial strains used were provided by the Laboratory of Food Microbiology (Wageningen University, Netherlands). The fungal strains (i.e. Penicillium chrysogenum, Cladosporium macrocarpum) were received in 1988 from the Centraalbureau voor Schimmelcultures (CBS, Utrecht, the Netherlands). Only the strain code of Cladosporium macrocarpum (i.e. 175.62) was available. One loop-full from a 3-day old culture of Penicillium chrysogenum as well as from a Cladosporium macrocarpum culture were inoculated on Malt Extract Agar slant tubes and incubated at 28˚C (at 64% of humidity) for seven days. The spores were harvested by adding 9 mL of sterile peptone physiological salt solution (Tritium microbiologie, Netherlands) to the slant tubes and mixed with a vortex. The spore suspensions were collected and stored in cryovials with 30% of glycerol at -80˚C. Cryovials were thawed at 4˚C overnight before use. To determine the spore concentrations, a volume of 100 μL of the spore inoculum was transferred to 0.9 mL of peptone physiological salt solution (Tritium microbiologie, Netherlands). From this first dilution, series of 10-fold dilutions were made. From the dilutions, 100 μL of spore inoculum was spread on Dichloran-Glucose (DG 18) Agar Base (Oxoid LTD, England) plates and incubated at 25˚C. The plate counts were determined after 24 and 48 h. The concentration of the inocula of P. chrysogenum and of C. macrocarpum were 6.3 log spores/mL and 5.6 log spores/mL, respectively. Serial decimal dilutions of the inocula in peptone physiological salt solution (Tritium microbiologie, Netherlands) were made to prepare 4.3 log spores/mL and 4.6 log spores/mL of P. chrysogenum and C. macrocarpum, respectively. These inocula and their dilutions were used for the challenge tests on wagashi.
Strains of Escherichia coli O157:H7 and Listeria monocytogenes were available in cryovials with 30% of glycerol at -80˚C. Before use, they were streaked on BHI agar plates and incubated overnight at 30˚C to obtain single colonies. One bacterial colony was transferred in BHI broth and incubated at 37˚C for 24 h to obtain an inoculum of 9 log CFU/mL. Equal volumes of the inocula of five E. coli O157:H7 strains isolated from sheep (1), bovine (1), human (2) and a reference strain (ATCC 43895) were mixed to obtain a cocktail of E. coli O157:H7 to be used in the challenge tests on wagashi. Inocula of E. coli O157:H7 (from bovine origin) and L. monocytogenes (isolated from Mexican soft cheese) were also used for the growth tests in BHI broth.
Microbiological challenge tests
Challenge test in broth. For the challenge tests in media, inocula of E. coli O157:H7 and L. monocytogenes were diluted in test tubes of BHI (dyed and plain) in order to achieve an initial concentration of 5 log CFU/mL. Inoculated tubes were incubated at 37˚C. Samples were taken at 0, 1, 2, 4, 6, 8 and 24 h for monitoring bacterial growth. The bacterial counts were determined by making decimal dilutions in peptone physiological salt solution (Tritium microbiologie, Netherlands) and plating on BHI agar plates. The experiment was performed in duplicate and reproduced on a different day using freshly prepared materials.
Challenge test with wagashi. The challenge tests with wagashi were performed in a climate chamber (Weiss Enet environmental simulation, Weiss Technik) at a temperature of 28˚C and relative humidity of 64%. These conditions correspond to those in the north of Benin [25] , where wagashi is mostly produced. Samples of wagashi were surface-inoculated with 2 μL of 4.3 log spores/mL and 6.3 log spores/mL of P. chrysogenum, 2 μl of 4.6 log spores/ mL and 5.6 log spores/mL of C. macrocarpum and 5 μL of 7.6 log CFU/mL of the E. coli O157: H7 cocktail. Previous studies investigating the quality and the safety of West African soft cheese, highlighted that E. coli and L. monocytogenes are the most relevant foodborne pathogens of this dairy product [26, 30] , with a lower prevalence for L. monocytogenes as compared to E. coli [31] [32] [33] . Therefore we focussed on E. coli 157:H7 in the application study on wagashi.
The growing area on the wagashi was a circle with a diameter of 44 mm corresponding to a surface of 1519 mm 2 . Samples were incubated during 3 days. Three samples of wagashi inoculated with the E. coli cocktail were analysed at 0, 5, and 24 h, respectively. At 72 h, three samples inoculated with P. chrysogenum and C. macrocarpum were analysed. The growth of E. coli O157:H7 on wagashi was monitored by making a primary decimal dilution of each whole sample in peptone physiological salt solution (Tritium microbiologie, Netherlands) and homogenizing the sample using the stomacher, followed by a series of decimal dilutions in peptone physiological salt solution (Tritium microbiologie, Netherlands) and plate counting on Sorbital McConkey agar (Oxoid LTD, England). The growth of the fungal strains on wagashi was determined from pictures of the samples. The growth was assessed using ImageJ 1.46r, an open source Java-written program. The experiment was performed in triplicate and reproduced on a different day using freshly prepared wagashi, colorant extract, and freshly prepared microbial cultures.
Physico-chemical parameters of wagashi
The pH, the dry matter and the acid value of wagashi were measured of two samples at 0 and 72 h for each replication. The pH of wagashi was measured using a pH meter (Phenomenal, Type pH100L, VWR). The dry matter was determined by drying samples at 100˚C during 24 h with a drying oven (VENTI-Line VL 115, VWR). The acid value was determined using the AFNOR norms as described by Bup, Abi [34] . Briefly, a sample of wagashi (2 g) was weighted, crushed and dissolved in 50 mL of ethanol / diethyl ether (1/1). This mixture was homogenised during 5 min. Three drops of indicator (1% of phenolphthalein in ethanol) was added to the mixture and then titrated with 0.1 M KOH in ethanol until the end point of the indicator. The pH at the indicator end point in our samples was 9.5 ± 0.2. Data were expressed as mg KOH/g of sample dry matter (DM).
The acid value was calculated using the following formula (1):
in which 56.1: Molecular mass in g of KOH N: Normality of KOH V: Volume in ml of KOH M: mass in g of sample in dry matter.
Survey on the application of sorghum biocolorant on wagashi
A study was carried out to assess the traditional application methods of sorghum biocolorant and the perceptions associated to its use in three towns with a rich tradition in the production of dyed wagashi in Benin, Africa, i.e. Parakou (in Borgou department), Natitingou (in Atacora department) and in Dassa-Zoumè (in Collines department). In each town, 30 traders were interviewed. Data were collected using a questionnaire, which was administered in the local language after an one-day training. It contained questions about ethnicity, unit operations and ingredients used to produce dyed wagashi, the revenues generated from dyed and non-dyed wagashi and the reasons for dyeing wagashi. The increase in revenues (R i ) due to dyeing of wagashi were calculated using formula (2) . The respondents were selected from the main cheese market in each locality. The protocols used for data collection were approved by the Faculty of Agricultural Sciences of the University of Abomey-Calavi, Benin. Informed consent was obtained from all respondents.
Where: R i = increase in revenues R dyed = revenues from dyed wagashi R non-dyed = revenues from non-dyed wagashi
Data analysis
The field survey data were compiled using Sphinx Plus 2 v.4.5 (Le Sphinx Développement, Chavanod, France) software for survey management. The mean values of the areas of fungal growth, the bacterial counts, the dry matter, the pH and the acid values were calculated and the difference between dyed samples and the controls were evaluated by (a) one-way analysis (ANOVA) followed by Turkey's post-hoc tests or (b) by Kruskal-Wallis and Mann-Whitney pair-wise tests if normality tests failed. monocytogenes and E. coli O157:H7) in suspension (Fig 2A and 2B) . Fig 3 presents the growth of L. monocytogenes at a 3.2 times higher concentration of apigeninidin. As most phenolic plant extracts usually have a less pronounced activity against Gram negative bacteria (e.g. L. monocytogenes) as compared to Gram positive bacteria (e.g. E. coli) [35, 36] , the test focused only on L. monocytogenes. The use of dyed BHI with a higher apigeninidin content (namely 75 μg/mL), as obtained by the extraction of sorghum biocolorant in a solution of kanwu, did still not affect the growth of L. monocytogenes in suspension (Fig 3) . Dyeing wagashi using an alkaline extract would, next to the colouring effect, also increase the pH. Therefore, aqueous extracts were used to test the antimicrobial activity and potential physico-chemical changes. The growth of P. chrysogenum and C. macrocarpum was not inhibited on wagashi dyed with sorghum biocolorant (Table 1 and Fig 4) . The sorghum biocolorant extract used for the test contained apigeninidin, 4-hydroxybenzoic acid and p-coumaric acid at 26.8, 3.3 and 2.3 μg/mL, respectively. In Table 1 , two levels of contamination were tested for P. chrysogenum (i.e. 1.6 and 3.6 log spores) and for C. macrocarpum (i.e. 1.9 and 2.9 log spores). Apparently, fungi like P. chrysogenum and C. macrocarpum spread easily on dyed wagashi, even at a low spore contamination (Table 1 ). There was also no significant difference in the E. coli O157:H7 count on the dyed and the non-dyed wagashi samples (Table 2 ). This absence of an inhibitory effect indicates that the application of sorghum biocolorant, as done by traders in Benin, does not preserve wagashi from the proliferation of the fungi and pathogenic bacteria tested.
Results
Effects of sorghum biocolorant on the microbial and physico-chemical quality of wagashi
Although the application of natural biocolorant could have caused changes in the product properties of the soft cheese [37] , the dyeing of wagashi with the aqueous extract did not affect the physico-chemical characteristics, namely the pH, dry matter, acid value, during the 3 days of storage (Table 3) .
Survey on the application of sorghum biocolorant on wagashi
Traders usually buy non-dyed wagashi on a production site and transport it to the towns for sale after additional processing. The treatments traders apply to wagashi before selling the cheese are a heat treatment (97.8% of the traders) and dyeing (100% of the traders). As traders might have to keep wagashi several days at ambient temperature before sale, dyeing consists of a daily bath of wagashi in sorghum biocolorant and this practice is perceived as a way to prolong the product's shelf-life. White wagashi is preferably sold before the fourth day or otherwise kept until the next market day, corresponding to a shelf life of 8-10 days (Fig 5) . On the contrary, dyed wagashi may intentionally be kept for more than 8-10 days to speculate and maximize its revenues (Fig 5) . Indeed, a mean revenue increase of 11.5% was recorded when wagashi was dyed. Two methods are used to extract sorghum biocolorant, i.e. alkaline and hot aqueous extraction. Alkaline extraction is reported by 87.7% of the traders, although its use varies among traders. Indeed, wagashi could be cooked in the alkaline extract (24.4% of the traders) or let to soak in the cool alkaline extract (43.3% of the traders). Some traders (20%) suggest that the addition of warm water to the cool alkaline extract speeds up the dyeing process. The use of the hot aqueous extract (12.3% of the traders) is always associated to cooking of the extract with wagashi.
The dyeing of the wagashi by soaking it in an extract of sorghum biocolorant may last for up to two hours, although 52% of the traders apply a maximum soaking time of 30 min. The reasons to apply dye sorghum on wagashi are defined by traders as a way to enhance the sensorial quality (all traders), to keep the products looking fresh (mentioned by 49% of the traders), and to contribute to product preservation because its delays spoiling and increases the acidity (31% of the traders).
Discussion
Bright colours are key factors in the perception of the sensorial quality of food products and therefore impact consumer choice and preference [38, 39] Traders in Benin use the natural red sorghum colorant to make wagashi attractive for consumers. Adding a colouring agent to a food may affect consumers' food preferences [40] . Hence, the colouring of wagashi could be considered as a value-adding unit operation by traders. The alkaline and hot aqueous extracts are commonly used extracts from dye sorghum to impact food colour in Benin [6] . These extracts differ in apigeninidin content, colour density and pH. The apigeninidin content and the colour density of the alkaline extract can be three times higher than that of the aqueous extract. In addition, the pH of the alkaline extract is around 8-9 whereas it is 7 for the hot aqueous extract [6] . An extract of 50 μM apigeninidin, equivalent to 13 μg/mL, was reported to inhibit the growth of fungi and bacteria (particularly Gram positive) [27, 28] . However, the results of the challenge tests on wagashi and in broth with apigeninidin at levels of 23.5 μg/mL and 75 μg/mL, respectively, did not corroborate those findings. Although the antiproliferative https://doi.org/10.1371/journal.pone.0194657.g004 activity of phenolic phytoalexins has been largely proven and is even proposed as a natural preservative to fungal pathogens [15, [41] [42] [43] , detoxification of phytoalexins by microorganisms could change their effectiveness as natural preservatives [44] . Naturally occurring weak acids, e.g. benzoic acid and p-coumaric, are widely used as food preservatives [12, 45] , and it has been reported that concentrations of 7 and 1.87 mg/mL of benzoic acid and p-coumaric, respectively, are required for an effective inhibition of pathogen growth in food matrices [12, 46] . Conversely, the benzoic acid and p-coumaric acid contents in sorghum biocolorant apparently are not sufficient for preservative purposes. With total counts of 4.6 and 6.7 log CFU/g for E. coli, and moulds and yeasts, respectively, reported in samples of wagashi [26] , use of sorghum biocolorant could not be acclaimed to function as a natural preservative in wagashi. As processors also use alkaline colorant extracts, it is recommended to also test the antimicrobial effects of these extracts in wagashi, though non-antibacterial activity was observed in the current study for the tested pathogens in broth. Although only 31% of traders clearly mention the use of sorghum extract as a food preservative in wagashi, this mistaken notion could present a risk for consumers when no heat treatment is applied to the cheese within 3 days of storage. Moreover, since microbial growth is better visible on wagashi that has not received a colouring treatment, it is possible that the red colorant masks microbial contamination, thus causing a food safety risk. Since the colorant is not sterilised, possible fungal and bacterial contaminants could be introduced via the leaf sheaths [47] [48] [49] . Washing of the sorghum leaf sheaths in potable water could be a first step to reduce microbial contaminants via the leaf sheaths [50] . Next, a hot extraction method at 86˚C during 15 min could be recommended to inactivate most of the pathogenic cells [50, 51] . The use of sorghum biocolorant could be of interest to the food industry, in particular the dairy and meat industries, looking for a stable natural colorant with a high colour density and potential health-supporting attributes (e.g. antioxidant properties) [6] [7] [8] [52] [53] [54] [55] [56] . However, this potential impact has to be investigated further.
Conclusion
The anti-fungal and anti-bacterial properties of dye sorghum extracts could not be confirmed in nutrient-rich broth and on wagashi, a traditional West African soft cheese, as a model for a popular food application. Hence, it is likely that the most important attribute of the brightly red biocolorant from dye sorghum in Benin is its eye-catching property. This might open avenues for application as natural colorant in a variety of (dairy and meat-based) industrially produced foods, in particular when colour stability and potential health-supporting properties can be supported in further research. 
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